Previous reports T M have shown that the effective direct current resistance of Valonia protoplasm is associated with, and is probably largely due to the building up of a counter ~.~.F. during the flow of current. This opposes the applied E.~r.~. and decreases the current flow below its initially larger value. The counter ~.~.r. is not only large in magnitude (up to 200 or 300 my.), but takes an appreciable time to appear or disappear (½ to several seconds). Such slow charge and discharge can be ascribed, if desired, to a large electric capacity of the protoplasm.
should be distinguishable b y their time relations, the first, or "static" t y p e h a v i n g a c a p a c i t y which is c o n s t a n t with time during current flow; the second, or " p o l a r i z a t i o n " t y p e h a v i n g an effective c a p a c i t y which is n o t constant, b u t increases with time during current flow. ~ These differences are r e f e c t e d in b o t h the direct and alternating current behavior of the circuits. T h e present p a p e r will present evidence o b t a i n e d b y alternating current measurements. As a backg r o u n d for these, however, it is desirable to indicate some of the direct current results which have been presented elsewhere.
It was found, for example that many of the direct current phenomena could not readily be referred to the charge and discharge of a static condenser. This is most strikingly seen in the so called "delayed polarization" stage. Here the course of potential change is far from a regular exponential curve. A counter E.~r.~. may even be entirely lacking at low current densities, to appear only above a critical threshold density. It then builds up in a sigmoid curve with a slow start, an inflection, and a more rapid rise, the latter often followed by a sharp cusp, and a recession to a final constant value. This final value is not proportional to the applied potential, but has a low or zero value below the threshold density, increases more linearly above this, then again falls off from proportionality at higher densities. The discharge curve is also not regular, but often shows an inflection or even a marked delay at intermediate levels. The time course of counter E.~.~. is different at different current densities, increasing in speed with larger currents; it also changes form with successive flows of the same current density, becoming again more rapid with later flows. It is usually different for charge and discharge, and notably so for currents in opposite directions across the protoplasm. Finally its speed is not appreciably decreased by the introduction of higher resistances in series with the protoplasm, as would be the case with a condenser.
This brief summary indicates the extreme divergence of these phenomena from the behavior of a static condenser, which should show strictly exponential curves of identical form for charge and discharge, for successive exposures, for currents in either direction, and--except for differing magnitudes--for currents of any density. In the latter case the counter ~.M.F. should be proportional to the applied potential. The phenomena must therefore be referred to some sort of polarization, but even this is of a curious, delayed sort, with curves which sometimes continue to change for several seconds. Obviously an incomplete picture of such behavior would he obtained with the usual alternating current frequencies.
There are, however, much more regular curves displayed by Valonia under some circumstances. These occur, for example, as part of the picture in the delayed and variable polarizations just discussed. Over the middle range of 6 Fricke, H., Phil. Mag., 1932, 14, series 7, 310. current densities, where the magnitude of the counter E.~.F. is nearly proportional to the applied potential, the curves are also much more regular, both for charge and discharge of the total current, and for smaller increments or decrements of a continued polarizing inward current. It is as if the polarizing current had "conditioned" the protoplasm to a more regular, and less delayed state. (Analogous behavior is shown by Ag-AgCI electrodes which may be changed from a nonpolarizing to a polarizing condition by the continued flow of direct current, with marked resemblance to the Valonia curves.) 4
Regular curves are also found in cells which have reached a "constant" resistance level, either in nature, by sojourn in the laboratory, or by experimental treatment such as exposure to acidified sea water or to certain phenolic compounds. 4 The constant state is characterized by an apparent resistance which is constant over a wide range of direct current density; this is the same as saying that the counter E.~.F. is proportional to the applied potential. Not only this, but the curves are much more regular, starting instantly at make or break of current, and asymptotically approaching their final value. They are approximately symmetrical as to charge and discharge, and identical with successive current flows, in either direction across the protoplasm. They are also of nearly the same form, differing only in magnitude, with currents of increasing density (except at very large values where a recession, possibly due to breakdown, occurs after the highest point of the curve).
In the constant state the curves suggest that a true capacity is involved. The properties mentioned, however, are alike characteristic of a static condenser or of a polarizing, irreversible electrode (e.g. platinum in KC1). The question as to which kind of capacity is displayed must therefore be answered by determining whether the capacity is constant or changing with time during current flow.
Several methods are available for investigating this. One is inspection of the counter ~.~.~. curves obtained on direct current records. If they adhere to an exponential time course, the capacity is constant and static; if not, the deviations should tell something of the polarization characteristics. This method will be applied in another paper.
A second method is direct comparison of the cell's reactance in a bridge circuit with capacities of known type. These m a y be static condensers of constant capacity, or electrodes displaying typical polarization capacity. The latter are difficult to adjust to a given capacity, but a few exploratory experiments have indicated that it is sometimes possible to balance the cell's reactance fairly closely with such polarization capacities. More convenient is a variable mica
condenser which more or less entirely compensates the cell's curves, depending on how closely these follow an exponential course. Deviations from the latter will actuate the detector, giving in direct current a residual deflection which is due to the progressive change of the cell's capacity with time; or in alternating current a sound in the telephone at all but one frequency. The direct current residuals are closely related to analysis of the complete time curves, and will be considered in connection with these elsewhere. The alternating current measurements are taken up below. It may be pointed out that the A.C. measurements complement the D.C. ones in satisfactory fashion, since they cover the earlier parts of the time curves (below the first 1/100 second) where the period of the galvanometer might introduce faulty recording. Conversely, the D.C. records become reliable on the later parts of the curves (up to ½ second or more) where it is cumbersome or impossible to generate or measure A.C. of sufficiently low frequency to be applicable. The two methods together should thus give a more complete description of the whole time course due to capacity.
It might also be remarked that in the case of Valonia it is desirable or even essential that the cells be tested by D.C. recording immediately before and after the A.C. runs, not only to establish the value of their effective resistance which is used as a shunt in the balancing arm, but also to make sure that the cells initially show and remain in the constant state where immediate and regular polarizations are being displayed, and where alone the A.C. measurements would be significant. This was always done in the present studies. In other cells, where the polarization characteristics are not so variable, this precaution is probably not so necessary.
Apparatus
A conventional Kohlrausch (a.e. Wheatstone) bridge was used. The methods of measuring resistances and capacities in such a circuit a r e sufficiently standard s that they need not be elaborated here. Many of the difficuries met with at higher (radio) frequency measurements were avoided by the use of rather low frequencies (mostly in the audio-range). These were possible e Hague, B., Alternating current bridge methods, London, Sir Isaac Pitman & Sons, 1923. because of the extremely high actual capacities displayed by Valonla, resulting from but one or two protoplasmic layers across which current flowed, instead of hundreds or thousands in series, as in most biological material such as tissues or cell suspensions. The impedance accordingly falls off at much lower frequencies to a minimum value, as shown in Fig. 1 .
In spite of reduced trouble with ground and inter-arm admittances at these lower frequencies, care was taken to keep the bridge symmetrical, and partially shielded. Shielded elements included the cables leading to and from the bridge, the input and output transformers, and the equal ratio arms (of 100 or 1000 ohms each: General Radio Co. resistances). A Wagner ground circuit with resistive and capacitative balance kept the detector at ground potential.
General Radio Co. decade resistance boxes, Ayrton-Perry wound to have small reactance, were used as variable standards. A Leeds and Northrup 3-decade mica condenser, reading from 0.001 to 1.00 mfd. in 0.001 mfd. steps, was used as the capacity standard, supplemented by a General Radio Co. variable air condenser, and two fixed mica condensers (Dubilier) of high quality, of 1 mfd. each.
These standards, and the apparatus holding the cells, were not shielded. Measurements of fixed resistances and capacities substituted in the electrical position of the cells (i.e., in series with the actual electrodes and salt bridges employed)
showed nearly constant and correct values over the frequency range employed. Similar constancy of resistance, and essential absence of capacity effects were found with the electrolytic system used for contact with the cells (salt bridges such as capillaries, glass tubes, and agar blocks). The calomel or lead-lead chloride electrodes of large surface were practically non-polarizable (i.e., had such a large series capacity that the much smaller ones in the cells entirely governed the readings).
Some remarks concerning the current characteristics are of interest as these have possible biological effects. A General Radio Co. Type 377 audio-frequency oscillator was employed (about 1 meter from the bridge) to generate the alternating current, continuously variable in frequency from 60 cycles up to 80,000 cycles. This uses an oscillating tube (201 A or 112 A) feeding through a variable resistance coupling to an output tube (112 A) which in turn, feeds out through a condenser. The output tube guards against influences of the bridge impedance upon the frequency or wave form of the oscillator.
The oscillator tube was worked with the lowest possible feedback into the grid which would maintain (not initiate) oscillation. This kept down harmonics to their lowest value. While the latter were still appreciable, it was usually possible to distinguish the more powerful fundamental in the telephone, and to balance the bridge to silence with respect to this, neglecting the higher overtones. No attempt was made to determine what proportion of the total current through the cells was carried at these higher frequencies; according to available data for the oscillator it amounts to a few per cent. It seems doubtful that this could influence the capacity measured at the fundamental frequency but it may be a
source of disturbance. Also, passage of current through the cell might actually produce harmonics (suggestion of Dr. K. S. Cole~).
The total current through the cells was determined in a few typical cases with a heater-thermocouple or rectifier type ammeter, and was found to be from 10 to 50 microamperes, a range found in D.C. to be non-injurious. 4 That this was sufficiently low to avoid injury and breakdown was also shown by the unchanged capacity and resistance readings obtained when the current was increased twoor threefold. Very large currents, however, had an effect, curiously enough increasing the apparent capacity. This could result from dielectric breakdown at the peak potentials, uncorrected by a lowered shunt resistance in the balance arm. It is an effect which might give spurious capacity changes in A.c. measurements. By keeping the currents as low as possible for audibility of the signals, this is probably avoided.
The detector employed a 2-or 3-stage audio-amplifier, to bring the weak signals up to audibility in the telephone. With higher frequencies (above 10,000 cycles) where audibility is low, a heterodyne oscillator fed into the detector circuit to give beats of audible frequency.
A double run, beginning with the lowest frequency, passing up to the highest, and then down again was usually made with each cell. At frequencies above 20,000 cycles, adjustments of capacity became rather meaningless, since the reactance of the large capacity involved is already so low as to give silence over a wide range of setting (with proper resistance values). Readings were therefore not usually carried to higher frequencies.
The two species of Valonia studied have given consistent results, when care was taken that they were in the constant resistance state. V. macrophysa has been chiefly employed, both in Bermuda and in New York; V. ventricosa, in Florida (Tortugas) and New York.
EXPERIMENTAL
Measurements were first made with intact cells, electrical contact being obtained at each end of the cell through agar blocks saturated with sea water. The arrangement of these was the same as for the D.C. measurements earlier described. 1 This restricts the leakage or shunt conductance around the cell to its lowest possible limits, namely that of the cell wall itself, imbibed with sea water. Most of the current m u s t therefore pass through the protoplasm, with consequent emphasis on the large capacitative reactance of t h a t path. The resulting change of impedance at low frequencies is clearly shown in Fig. 1 , which plots the results of balancing the cell against the simple circuit of a resistance in parallel with a capacity, shown on the same figure. This is the conventional arrangement for balancing electrolytic conductivity bridges, and m a y be called Circuit A.
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Cyclesfi~c.0 ~000 4000 6000 8000 10,000 Frequency FIG. 1. Alternating current characteristics of a Valonia cell, held between external contacts (bridging an air-gap between agar blocks) when balanced against the simple parallel Circuit A as shown. Both the equivalent parallel resistance R and the capacity C fall off to constant and very low values above 10,000 cycles, where the impedance (Z) of the large cell capacity is negligible. (The impedance Z is derived from R and C according to the formula in the text.) On the other hand the same cell when killed (s) and its cellulose wall (W) cleaned and inflated with air, show very low and high resistances respectively. W and s ordinates in ohms only; they have no appreciable capacity at any frequency.
The impedance, which can be readily derived from this circuit by the formula: e R Z = X/1 + (2,/Cg), falls off rapidly with the increase of frequency, from zero (D.C.) up to some 10,000 cycles above which it is nearly constant. This is shown in rig. 1.
The constant minimum value reached above 10,000 cycles is, of course, essentially that of the cell interior, here largely the sap of the vacuole. This is shown by readings taken with the same cell when killed; these have the same low value at all frequencies (now without capacitative components), as shown on Fig. 1 . Finally, if the sap be removed and the cell wall (wet with sea water) blown up with air, the value for the shunt resistance around the protoplasm is found. This is very close to the D.C. value of the living cell but remains unchanged at all frequencies, again without capacitative effects (Fig. 1) . The sap value and the cell wall value thus set the lower and the upper resistance limits, for the highest and lowest frequencies respectively. These are both purely ohmic resistances, without capacity, showing that the latter is due to the living protoplasm.
The low, but nevertheless appreciable value of the internal or vacuolar resistance suggests at once that the simple balancing circuit A used for Fig. 1 is an inadequate representation of the cell, since it omits any resistance (r) in series with the capacity C. This has, of course, long been appreciated, and some type of series-parallel circuit which includes such a second resistance has been often postulated 8 as the simplest equivalent of the cell. Such a one is shown on Fig. 2 , and may be called Circuit B. (A single capacity C is used, to represent the two series capacities of the cell due to the protoplasm at each end.) Both theoretically and experimentally, Circuit B gives the general type of impedance curve shown in Fig. 1 , when balanced against Circuit A. It may therefore be taken as a first approximation to the cell, and may be used instead of Circuit A to balance the cell directly in the bridge. This was accordingly done next.
In adjusting this circuit, W is set equal to the D.C. resistance, (that of the leakage around and through the cell). It is usually between 1000 and 5000 ohms with intact Valonia cells, depending on their dimensions. C and r are then adjusted to balance the bridge at any s Cole, K. S., J. Gen. Physiol., 1928-29, 12, 37; 1934 -35, 18, 877. Cole, K. S., and Cole, R. H., J. Gen. Physiol., 1935 -36, 19, 609, 625. Fricke, H., J. Gen. Physiol., 1923 1925-26, 9, 137 . Gildemeister, M., inBethe, A., Handbuch der norrnalen und pathologlschen Physiologie, 1928 , 8, part 2,657. McClendon, J. F., J. Biol. Chem., 1925 67, 7; 1926, 68, 653; 69, 733. Philippson, M., Cornpt. rend. Soc. biol., 1920 , 83, 1399 Bull. cl. Sc. Acad. Roy. Belgique, 1921, 7, 387. given frequency. The results of a typical run are shown in Fig. 2 , plotted against the frequency.
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Fl~d. C} FIo. 2. Characteristics of a Valonia cell bridging an air-gap between two agar contacts, when balanced against the series-paralld Circuit B as shown. W is set at the D.C. value, as representing the shunt resistance around the cell, and r and C are adjusted to give balance. Both still change with frequency, although much less than in Fig. 1 . (The diverging curves at low frequencies represent 2 runs, up, and down, the frequency scale.) Since r approaches a constant value above 10,000 cycles, this constant value is assumed to be the ohmic resistance of the cell interior (sap) and is subtracted from the total value of r to give ar as plotted. This has a slope approximating that of f-1 (ordinates for f-t omitted) included for comparison, but is markedly curved downward. Logarithmic scale. r setting, a value Ar is obtained, representing the purely protoplasmic resistance effects. (This is the "equivalent series resistance" of polarization studies.) This is inserted in Fig. 2 . It is seen that both capacity C, and Ar change approximately with the logarithm of the frequency. If the plots were strictly linear, then if C1 and C, are the capacities, and At1 and ar~ the series resistances at two frequencies fl and f,, the relation would be: with x having a value between 0.1 and 0.3, and y nearly 1.0. In other words Ar varies nearly inversely with frequency, while C is an inverse (fractional) power function of the frequency. However, both exponents change over the frequency range studied, giving curves rather than straight lines.
Comparison with Electrode Polarization
Now this relation to frequency is almost exactly that which is well known to obtain with polarizable electrodes. ~ An example taken with the same bridge, using small platinum electrodes dipping in KC1 solution (0.5 M), and shunted by 1000 ohms resistance (to duplicate the cell wall shunt) is shown in Fig. 3 . Even the slopes are nearly the same as with the Valonia cell. The resemblance is so striking as to suggest that the Valonia capacity is really of the polarization type.
Before this can be Considered proved, however, another complication remains to be discussed.
Distributed Capacity
By this is meant the capacity exhibited by the protoplasm not directly adjacent to the end contacts (which is perpendicular to the main axis of current flow), but by the protoplasm lining the cell wall between the contacts and hence parallel to the axis. It might be thought at first glance that this would play no r61e, because it separates two uniform conductors, the sap and cellulose wall, any two corresponding points of which are equipotential. (Thus the cell might be imagined a miniature Wheatstone bridge with two slide wires one of large and one of small cross section but both uniform; a detector connecting any two points equidistant from the end would draw no current because the ratios of potential drop along the wires corre-
5OO 1000 ~000 5OOO lq000 ~000 50~00 10q000 ~ueacy Fro. 3. Characteristics of a pair of small platinum electrodes dipping in 0.5 KC1, and shunted by a resistance W (representing the cell wall) balanced against Circuit B. ~r derived by subtracting the value of r reached above 100,000 cycles from that at a given lower frequency. The changes of C, r, and hr with frequency resemble those of the Valonia cell in Fig. 2 , but the slope of ~r more nearly approximates that o f f -1 as shown. The balancing Circuit B is shown on Fig. 2. spond.) This would be true if there were no perpendicular capacities at the contact ends. But the presence of these in one of the current branches (protoplasm-sap) and its absence in the other (wall), introduces a non-uniformity in the former, so that only at the center of the cell, half way between the contacts (assuming equal capacities at each end), would this branch be equipotential with the outer or wall branch. (Only here would the cell as a Wheatstone bridge be in balance.) At all other points toward either contact, there would be an unbalance, a difference of potential, and a tendency for current flow between wall and sap. If this flow were merely across a resistance it would not be so troublesome; but it is across protoplasm, hence across a capacity, which would increase the total apparent capacity of the system as measured Even if it only did this, the error would not be serious, since we are not so much interested in absolute values per cm? as in the changes with frequency. But unfortunately the case is not so simple. For the very reasons which make the distributed capacity effective, a change of frequency will change the magnitude of its effects. This results from the decreased impedance of a capacity with frequency ( Z -2~fc),sothatthehigherthefrequency, theless the impedance of the protoplasm at the ends of the sap-protoplasm circuit, and the less the non-uniformity introduced by it. Consequently at higher frequencies, less current will tend to flow across the distributed capacity, until above 10,000 cycles where the impedance of the contacts becomes negligible, practically no current will flow across the distributed capacity. Its contribution to the total capacity will thus decrease and there will be a decrease of measured capacity with frequency.
That such a circuit can actually give rise to these effects is shown by a simplified model. This consists of Circuit B, with the addition of a second fixed mica condenser connecting the mid-points of W and r. This condenser may be regarded as a first approximation to a capacity uniformly distributed between W and r, as in the nominal "T-network" used in telephone and other cable problems. 9 This results in Circuit C, as shown in Fig. 4 . When this circuit, embodying the capacity and resistance values given in the legend, is balanced against the simple series-parallel Circuit B, it is seen that C and r of the latter circuit now change with frequency, as plotted in (Fig. 2) and those with polarizing electrodes (Fig. 3) , although the capacities in model Circuit C are purely static, showing no such changes unless arranged in this appro~mation to a distributed capacity. The marked curvature of z~r to the slope f-i should be noted (ordinates for f-l are omitted). The balancing Circuit B is shown on Fig. 2 . Logarjthmlc scale.
While there are divergences from cell behavior, such as the flattening out of the capacity curve at higher frequencies, and the exaggerated •r plot, extremely curved to the slope f-l, the trends are nevertheless sufficiently alike to raise serious question as to whether some at least of the apparent polarization effects may not be ascribed to a distributed capacity of static type.
It therefore became extremely desirable to determine the magnitude of this distribution effect in Valonia. Several methods suggested themselves, including: 1. Direct comparison of the cell with a model such as Circuit C in the balance arm. This was not attempted because of a lack of sufficient variable elements to make up the circuit; in any case it would only be approximate because Circuit C is but a first approximation to true distribution, which involves hyperbolic functions. 9 2. Calculation of the effect from the available dimensions of the cell, and its resistance and capacity constants. This is rendered difficult because of irregularities of the cells, which are seldom strictly cylindrical between the contacts.
3. Reduction or avoidance of distribution by proper experimental arrangement. This is the most direct solution, and was accomplished in two ways: by greatly shortening, or abolishing the air-gap between the contact regions, thereby reducing the length of the cell over which distributed capacity could prevail; or by using impaled cells where the current must all flow radially across the protoplasm, with no opportunity for distributed capacity.
Reduction of the Air-Gap
This experiment may be done in one of several ways. (a) The cells may be inserted farther into the holes of the agar contacts, so that the latter are separated by an air-gap of only 1 or 2 mm. instead of the customary 1 cm. (b) They may be placed in a circular hole which just accommodates them, in a thin septum of wax or other non-conducting material separating two chambers of sea water. (c) They may be floated loosely in a tube of sea water somewhat larger than their greatest diameter. Each of these methods gives progressively larger contacts with less distributed capacity between them. On the other hand the decrease of shunting resistance around the cell diminishes the change of impedance with frequency because the original direct current value is lower; this blunts the sensitivity of measurements. However, for w h a t it m a y be worth, as an indication of the change
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Cycte, s/~ec, i00 200 400 1000 2000 4000 I0,000 2~000 1~e~uency FIC. 5. Characteristics of a Valonia cell arranged to reduce the effects of distributed capacity, either by abolishing the air-gap (cell instead held in an aperture of a thin wax partition) or by impaling the cell on a capillary, r values are omitted to avoid confusing the graph, Ar being derived from these as before. Both C and Ar still change with frequency although the slope of C is less, and the curvature of ar with respect to ]-t is lost (ordinates for f -t are omitted). The results are consistent with the presence of some polarization capacity in the ceils, showing that distributed capacity is not entirely responsible for the effects in Fig. 2 . The balancing Circuit B is shown on Fig. 2. produced b y decreasing the distributed capacity, the readings of a B circuit, balanced against a cell so arranged (here held in a partition between two compartments) are given in Fig. 5 .
Measurement of Impaled Cells
This method should give no distributed capacity because the current flow is entirely radial across the protoplasm. It has special difficulties, however, which diminish its apparent advantages. Chiefly there is the risk of injury, or alteration of polarization properties as the result of inserting the necessary fine glass capillary. D.c. records, taken by methods previously described, 4 were therefore essential in order to ascertain the presence of "regular" polarization. Usually cells which had spontaneously attained the regular state were used, and are the only ones reported here. In a few cases comparative measurements were taken with cells made regular by exposure to slightly acidified sea water, or "conditioned" by the continuous flow of direct current inward across the protoplasm in the manner noted earlier. 4 In the latter case, the proper conditioning current was produced by inserting sufficient ~.~.r. in one arm of the bridge in series with the cell; this avoided the use of troublesome coils and condensers to separate A.C. and D.c. components in the bridge input and output.
Another difficulty is the necessarily high series resistance introduced by the fine glass capillary used for impalement. ~° With the shortest and broadest of these which could be safely inserted, the resistance was seldom less than 5,000 ohms (when filled with Valonia sap). This high value naturally tends to obscure the changes in the protoplasmic series resistance Ar, which usually does not change more than a few hundred ohms with frequency over the range used. Careful attention to temperature control was therefore necessary.
The balancing arm of the bridge was the series-parallel circuit (B) previously used, with the addition of an external series resistance (Y) representing the capillary. Y is determined, not from the capillary value before impalement, but, lest this alter somewhat, from the high frequency (20,000 cycle) readings with the impaled cell at the time of measurement, the impedance of the protoplasm being negligible at this frequency. W is set as the difference between Y and the total direct current resistance of the system with an impaled cell.
10 It might be thought that the introduction of true micro-electrodes such as fine metal wires or metaUized needles of glass might overcome this difficulty. They were tried, but introduced more difficulty than they solved, by their own capacity effects, due to polarization at their smaU surfaces.
Since W now represents only the leakage resistance across the protoplasm itself, it runs much higher than with intact cells, (where it was largely that of the shunting cell wall) and values of 10,000 to 20,000 ohms are not exceptional.
With W and Y fixed, C and r are adjusted as before to give a balance at any given frequency. Resulting values are shown in Fig. 5 . It is seen that there are still changes with frequency, although the capacity is more nearly constant than with intact cells. The slope of Ar is about the same as before, but is now nearly straight and parallel to f -i showing that distributed capacity was apparently responsible for its curvature. It may therefore be concluded that a frequency dependence of capacity and of its associated series resistance really occurs in Valonia cells, and is not entirely due to distributed capacity. The r61e of the latter should not be neglected, however, and should be considered in other cases where contact is made at the ends of long cylindrical cells (such as NiteUa or nerve).
DISCUSSION
The residual change of capacity and resistance with frequency indicates that some sort of polarization phenomenon occurs in the protoplasm. Beyond this statement it is unwise to go for the present, since neither polarization theory for electrodes, nor experimental evidence for phase boundaries of lipoids, etc. is advanced enough to help the interpretation. The slope of capacity against frequency is somewhat less than has been found with various electrodes, ~ but even these are variable, and thorough study is much needed. A change of capacity with frequency is even known to occur in poor static condensers (e.g. of paraffined paper),n but this may be due to polarization of ions contained in the dielectric.
The results suggest the following tentative situation: a partly static capacity, constant with frequency, in parallel with some type of polarizing system having a capacity and series resistance variable with frequency. The relative magnitudes of these would determine the resultant measured slope with frequency; these may be somewhat variable from cell to cell, just as they evidently are from organism to organism (compare the nearly constant static capacity of erythro-cytes and sea urchin eggs with the frequency dependent values in muscleS). Such properties could result from a cell surface (e.g. lipoid) acting partly as the thin dielectric of a condenser, but having likewise a differential, ionic permeability. The latter could be due either to scattered ion-permeable regions ("pores") occupying part of the surface, or to a low but general solubility of ions in the surface as a whole. (In a monomolecular lipoid film these might amount to the same thing.) This is th e picture known as the "lipoid-sieve" hypothesis. It is consistent with much other evidence showing the cells to be most readily permeable to non-ionized, lipoid-soluble substances, while still displaying electrical properties such as (low but appreciable) conductance, polarization, and potential differences. (The pore theory, however, is not consistent with the dilute solution being positive with KCI and negative with NaC1 with Valonia. ~) The question arises, which ions are responsible for the polarization phenomena? If this could be determined, it might be possible for example, to change the protoplasm from an irreversible electrode to a reversible one by changing external solutions, with resulting effect upon the frequency dependence of capacity. 5
The most promising suggestions come from effects upon potential difference. For example, differential ionic mobilities have been postulated in Valo~ia~to account for the effects of various solutions on the r.D., K ion being assigned a high and Na ion a low mobility in relation to C1. Measurements made, however, on the A.C. capacity of cells exposed to KC1, as well as D.C. records, 4 indicate that there is very little if any difference in the shape of the polarization curves obtained in the presence of KC1 and of ordinary sea water, at least for considerable time. The possibility therefore, that the polarizations are largely due to organic ions produced in the metabolism of the cell itself, should not be overlooked. In this case external changes would not have much effect.
Grateful acknowledgment is made to the Carnegie Institution of Washington for opportunities to study at its Dry Tortugas Laboratory.
SUMMARY
Alternating current measurements of the effective capacity and 12 Damon, E. B., J. Gen. Physiol., 1932-33, I6, 375; and Osterhout, W. J. V., J. Gen. Physiol., 1929-30,13, 445. resistance of Valonia cells were undertaken to determine whether a static or polarization capacity was responsible for the large slow time curves of counter r..~Lr, produced by the flow of direct current. (For this purpose it was necessary that the cells be in the regular state.) With external contacts at the ends of ceils, a large fall of impedance occurs over the frequency range from zero to 20,000 cycles, above which the impedance is low and essentially that of the cell interior.
As a first approximation to the cell circuit, a simple series-parallel circuit was employed in the bridge balance, with a resistance setting to represeiat the cell wall (and protoplasmic leakage), shunting the protoplasmic capacity in series with a resistance (sap plus polarization resistance). Both the capacity and its associated series resistance fall off regularly with frequency, giving curved lines on logarithmic plots against frequency, the slope of the resistance plot being steeper, and approaching that off -1, although curved to it. These parallel roughly the behavior of a polarizing electrode, which is also shown.
Before concluding that the cell's capacity is therefore due to polarization, a further complication of the circuit was considered. This was the effect of the protoplasmic capacity distributed along the wall between the contacts. Both logically and experimentally it was shown that a distributed capacity, as represented by its approximate T-network of resistances and capacities invariant with frequency, could give rise to changes of capacity and series resistance with frequency which simulate to some extent the ceUular phenomena.
Distributed capacity was therefore reduced in the cells by using shorter air-gaps between the contacts, or abolished by measuring impaled cells, in which the current flow across the protoplasm was entirely radial. These measurements showed a smaller, but still significant change of capacity and of equivalent resistance (in series with it) with frequency, somewhat less than with electrodes, and probably representing the true protoplasmic behavior. It is concluded that the cells display a certain degree of polarization capacity, possibly in parallel with a static capacity invariant with frequency. This might result from an insulating (e.g. lipoid) cell surface, having a residual differential permeability to ions. This structure is consistent with other evidence showing the ceils to be chiefly permeable to non-ionized, lipoid-soluble materials, but still displaying electrical effects (conductance, potential difference, polarization) ascribable to ionic mobility.
